Results from an experimental and numerical study of skin friction levels obtained when hydrogen is injected into turbulent boundary layers are presented. Measurements are reported from experiments in the T4 free-piston reflected shock tunnel. Hydrogen was injected from a 3 mm high slot into the boundary layer on the flat surface of one of the walls of a duct 100 mm wide, 60 mm high, and 1745 mm long. The experiments were conducted at Mach numbers ranging from 4.0 to 4.5, flow stagnation enthalpies of 4.8 MJ/kg to 9.5 MJ/kg, static pressures of 75 kPa to 110 kPa, and fuel equivalence ratios of 0.3 and 0 for test flows of air. Combustion occurred at all flow conditions with results indicating a maximum reduction in skin friction coefficient, of approximately 77% of the level measured with no injection. Skin friction reductions of approximately 60% were obtained at two other test flows. Measured heat transfer levels were found to be comparable with levels obtained without injection, for most of the experimental conditions. Hydrogen injection into a test flow of nitrogen was also trialed at all flow conditions to compare with the results obtained when fuel was injected into an air flow in order to identify the effects of combustion.
Introduction vehicle in sustained hypersonic flight will be subject to high heat transfer rates and high levels of skin friction drag. Skin friction is expected to be a major component of drag for high-speed aircraft. For hypersonic vehicles, such as waveriders, calculations indicate that skin friction will constitute approximately half of the overall vehicle drag. 1 For SCramjet-powered vehicles, such ratios have been confirmed from results of model SCramjet tests at The University of Queensland. 2, 3 Almost all viscous drag is due to the skin friction in turbulent boundary layers and, up to the present, there has been little prospect of greatly reducing the skin friction. A significant reduction in skin friction may be expected to have major effects on the design of hypersonic vehicles. For example SCramjet propelled vehicles will require intakes with very large capture areas and, consequently, the engine flow path is expected to dominate the design of the vehicle. A halving of viscous drag would constitute a similar reduction in the required capture area, leading to a theoretical reduction in engine size by a factor of 0.71. Alternatively, flying at higher altitudes could reduce heat transfer levels without reducing engine size. A previous study 4 carried out in the T4 free-piston reflected shock tunnel at The University of Queensland indicated that a 70-80% reduction in viscous drag, for a given injectant mass flow, could be obtained by boundary layer combustion. In addition, a somewhat surprising experimental result was that heat transfer, rather than being increased, was slightly reduced by boundary layer combustion. This paper presents the results of a shock tunnel investigation in which skin friction is reduced by slot injection and combustion of hydrogen in a hypervelocity turbulent boundary layer. The aim of the present study is to investigate whether this effect can be achieved at different flight speeds. Skin friction, heat transfer, and pressure measurements are made over a range of stagnation enthalpies. Numerical simulations of the flow have been carried out for comparison with experimental results.
Experiment Facility and Test Conditions
The experiments were carried out in the T4 free piston reflected shock tunnel located at The University of Queensland. The facility has a 229 mm diameter driver that is 26 m in length, and a 75 mm diameter shock tube that is 10 m in length. A contoured axisymmetric nozzle with a throat diameter of 25 mm and an exit diameter of 135 mm, was attached to the downstream end of the shock tube. After expansion through the nozzle, the test flow was passed directly into the experimental duct.
Four test conditions were used to explore the effect of stagnation enthalpy on the skin friction reduction technique. These are specified in Table 1 . The stagnation enthalpy was calculated from the incident shock speed and the initial shock tube filling pressure. If required, an isentropic expansion of the air in the reflected region to the recorded mean nozzle supply pressure during the test time was also employed 5 . A one-dimensional nonequilibrium nozzle expansion to the measured Pitot pressure in the test section yielded the nozzle exit conditions 6 . All mainstream flow conditions at the point of hydrogen injection had a Reynolds number based on the distance from the leading edge, greater than 2.0 x 10 6 . Based on evidence from previous experiments in the tunnel 7 , all boundary layers were expected to be turbulent at the point of injection for the present tests. However, for some tests, a boundary layer trip 8 was attached 100 mm from the leading edge of the injection plate to ensure that the boundary layer was turbulent at the point of injection. 
Experimental Duct
Measurements of skin friction coefficient, Stanton number and static pressure are reported for injection of hydrogen into turbulent boundary layers, in a 1745 mm long experimental duct, as shown in Figure 1a . The test surface comprises one wall of a duct consisting of an entry section and a test section. The entry section is 245 mm long and has a 57 mm x 100 mm cross section. It is terminated by a 3 mm rearward facing step where hydrogen can be ejected through an adjustable slot spanning the width of the duct. The 1500 mm long test section is downstream of this. At entry to the test section the duct is 60 mm high and 100 mm wide. The duct width increases downstream with the sidewalls diverging at 0.5º to account for boundary layer growth. The centreline of the test surface was instrumented with skin frictions gauges at 100 mm intervals. Thin film heat transfer gauges and PCB TM piezoelectric pressure transducers were located at 50 mm intervals on axes parallel to the test surface centreline at distances of 23, and 25 mm respectively.
Hydrogen fuel was injected from a room temperature reservoir ( Figure 1b ) through a fast-acting solenoid valve. The injection flow was initiated at least 5 ms prior to test flow arrival. Feeding the hydrogen from the base of the 3 mm step enabled the fuel to be injected into the boundary layer on the test surface, so that the effect of combustion within the boundary layer could be studied. The fuel injection Mach number could be varied by sliding the injector plate axially along the duct to change the throat area. For this study the area ratio was fixed to 1.7 to give a theoretical injection Mach number of 2.0. The reservoir pressure was recorded by three laterally located PCB TM piezoelectric pressure transducers. The supply pressure was always constant to within ±4% during the test time. The fuel system was calibrated prior to testing to determine the mass flow rate of hydrogen as a function of the reservoir pressure. The values for hydrogen mass flow rate per spanwise length for each of the test condition are shown in Table 2 . The calculated properties in the hydrogen layers formed as a result of recompression to the mainstream static pressures, within a few step heights downstream of the slot are also shown in Table 2 . Note that the values were calculated by neglecting viscous effects. 
Instrumentation
Surface shear stress was measured using skin friction gauges that have a 10 mm diameter sensing disc that is mounted flush with the test surface. These gauges were designed and manufactured in-house and have been described in detail in previous publications 9, 10, 11 . The gauges house an acceleration-compensated element and were individually calibrated for shear and pressure sensitivity. The test surface was also instrumented to measure heat transfer and pressure. Platinum thin-film gauges mounted on a quartz substrate were used to measure heat transfer, and PCB TM piezoelectric pressure transducers were used to measure the static pressure on the test surface. A measurement of static pressure was made adjacent to each skin friction gauge, and this was used with pressure sensitivity of the skin friction gauge to compensate the shear signal for pressure effects.
Data Recording
A 12-bit transient digital data acquisition and storage unit with a sampling time of 1µs was used to gather data. The output of the skin friction, heat transfer, and pressure transducers were recorded through 4 × multiplexers, resulting in a sampling time of 4 µs per channel. The thin-film gauge signals were processed to calculate heat transfer rates using the technique of Schultz and Jones 12 .
Numerical Simulation
Numerical simulations of the duct flow were carried out using the Supersonic Hypersonic Air-Reaction Calculator (SHARC) code 13 that was developed for the modeling of a wall-injected SCramjet. SHARC solves 2D and axisymmetric parabolic Navier-Stokes equations using a space marching technique. For these simulations the k−ε turbulence model with compressibility corrections was used. The wall shear stress and heat fluxes were evaluated using wall functions in which it was assumed that the logarithmic law of the wall held for the fully turbulent region close to the wall.
The combustion chamber was simulated as a two-dimensional flow in a duct of 60 mm height. The length of the duct was 1500 mm. Hydrogen was injected as a parallel stream along one of the constraining surfaces of the duct through a 3 mm jet. Simulations were run for the four test conditions in Table 1 . The conditions used for the hydrogen jet are shown in Table 2 . The Reynolds numbers for all conditions were large enough that boundary layers were assumed to be turbulent upstream of the injection point. The simulation domain did not include the surface upstream of the injection. Therefore the turbulent boundary layer thickness on the injection plate (see Figure 1b ) was calculated by an implicit numerical method 14 . Boundary layer thicknesses between 5.2 and 5.3 mm were calculated at the point of injection for the various test flows (see Table 2 ). The velocity profile in the boundary layer was set using a one-seventh power law, and the temperature profile was calculated using the Crocco-Busemann law 15 . Previous numerical studies 4 indicate that the current duct height was large enough to ensure that the boundary layer on the test surface was not influenced by the boundary layer on the opposing wall. Therefore the lower wall was treated as inviscid. The basic 13 reaction NASP finite rate scheme 16 involving species O 2 , H 2 , OH, HO 2 , H 2 O, O, H was used to model hydrogen combustion. The complete NASP mechanism, and the basic NASP hydrogen mechanism with nitrogen species supplements were also trialled. The results were very similar and the basic finite rate reaction scheme was chosen to minimize computational time.
The computational grid used in all simulations comprised of 100 points normal to the model surface. The number of grid points was varied between 50 and 300 without affecting computational results. The space marching technique used automatically selects the step sizes in the downstream direction, as the computation progresses. In previous studies 4 the number of downstream steps was manually altered, yielding unchanged results. Hence it was concluded that the computational results were independent of grid size
Experimental Data Analysis

Evidence of Combustion
For all flow conditions, three cases were tested. Shots were made with air as the test gas and no hydrogen was injected, shots were made with air as the test gas and hydrogen was injected, and shots were made with nitrogen as the test gas and hydrogen was injected. Nitrogen was used as the test gas to suppress combustion so that "film cooling" effects alone could be studied. The differences between injection of hydrogen into air and nitrogen were used to detect if combustion was occurring and then, if so, to identify the influence of the combustion in the boundary layer on skin friction and heat transfer. In the figures the tests in which hydrogen was injected into air are indicated by "comb", those for hydrogen injection into nitrogen are indicated by "w/o comb" and those in which no hydrogen was injected are indicated by "no inj". Due to the high stagnation enthalpy of condition 4, the test flow for the case was initially tripped at 100 mm downstream of the duct's leading edge. This was done to ensure transition of the flow to turbulence before the injection point. Measurements were also obtained without a boundary layer trip. There was no difference to within experimental error in either of the data sets. Therefore it is assumed that the boundary layer was already turbulent prior to injection. The boundary layer trip was also in place for the tests at condition 1.
Typical distributions of static pressure along the test surface for two shots conducted at flow condition 2 are given in Figure 2 . The static pressure along the test surface is higher for fuel injection into air than for fuel injection into nitrogen. The increased pressure beyond 0.5 m from the injector is attributed to combustion heat release within the boundary layer causing an increased displacement thickness of the layer. This is taken as evidence of combustion and it is inferred that combustion initiates at approximately 500 mm from the injector. Figure 3 shows distributions of static pressure along the test surface for the four flow conditions. The static pressure is normalized by the nozzle supply pressure measured for each shot. Results are shown for hydrogen injection into an air test flow at a duct equivalence ratio of 0.3 and for no injection with an air test flow. Results for injection of hydrogen into a nitrogen test flow were also recorded but were similar to the no injection cases with an air test gas, and are not shown. Results shown for each flow condition are the average of those from at least two shots. There will be some non-uniformities in the flow within the duct even with no injection. These are associated with viscous interactions due to the formation of boundary layers on the walls of the duct, and the expansion and recompression associated with the 3 mm high injection step. Waves from both these effects will reflect back and forth across the duct.
Distributions of static pressure along the duct from the numerical simulations are also shown in Figure 3 . The static pressure is normalized by the nominal nozzle supply pressure measured for each of the four flow conditions. Lateral pressure variations across the height of duct were suppressed in the numerical simulations. Due to the constant lateral pressure, the pressures from the numerical simulations exhibit a level rise as a result of combustion. Thus, the uneven pressure distributions apparent in the experiments, that are attributed to waves in the duct, are not obtained in these simulations. The general levels of pressure increase due to combustion are in reasonable agreement with the experimental results except at flow condition 1 (the lowest enthalpy condition) where the measured peak pressure rise due to combustion is up to 75% more than from the simulation (see Figure 3a ).
There are no distinct differences between the pressure distributions with and without injection for flow condition 4 (see Figure 3d ). This indicates that full combustion was not achieved. This is attributed to the energy release from combustion of hydrogen being absorbed by the dissociation of the water produced at the high stagnation enthalpy condition.
The measured pressure distributions indicated that the length taken to initiate combustion decreases as the stagnation enthalpy increases. The combustion initiation distances for the first two flow conditions are approximately 500 mm from the injection point, whereas combustion may have already begun at the first pressure measurement location at 345 mm from the injector for flow condition 3. The numerical simulations indicate that combustion starts within 50 mm of the injection location for all test flows. 
Local Skin Friction Coefficients and Heat Transfer
To ascertain local skin friction coefficients and heat transfer values, it is important to account for variations in mainstream conditions along the duct. These variations are caused by compression and expansion waves in the duct resulting from viscous layer growth, the change in duct height due to the injection plate, injection and combustion.
The local skin friction coefficient is given by
The local heat transfer coefficient or Stanton number, is given by
The streamwise variations in pressure seen in Figure 3 are small enough to be modeled as isentropic compression or expansion from the oncoming flow conditions. All skin friction and heat transfer coefficients presented here are based on local freestream conditions. These conditions have been determined using local static pressure measurements and assuming an isentropic compression to that condition form the oncoming flow conditions. Skin friction results are presented in the form of a proportional reduction in skin friction coefficient from the value measured with no injection as
Note that a value of zero corresponds to no change and a value of 1 corresponds to a 100% reduction. Measurements for this parameter at any location were obtained by averaging results from at least two similar shock tunnels tests. The exception was for the nitrogen test gas cases at condition 1 where only one single shots were made for the injection and no-injection cases. The values for the proportional reduction in skin friction coefficient for the four test flow conditions, with corrections for pressure variations, are plotted with results from the corresponding numerical simulations in Again, measurements of this parameter at any location were obtained by averaging results from repeat shots where available. The values for the proportional reduction in Stanton number for the four test flow conditions are presented along with results from the numerical simulations in Figure 5 . The error bars displayed in Figure 5 were computed by adding the root-mean-square (RMS) deviation from the mean value for the injection cases, to the RMS deviation of the no injection case. The result was then averaged over all stations. 
Discussion
Skin Friction
It is known that injection of gas into a boundary layer can be effective in reducing heat transfer rates and skin friction 17 . This process is often referred to as film cooling. When a low-density gas, such as hydrogen, is injected into a turbulent boundary layer, the density of the gas in the boundary layer is reduced and the Reynolds stresses in the boundary layer are also reduced. This results in a reduction in friction at the surface. Combustion of hydrogen in the boundary layer has been shown to result in an additional skin friction reduction and to extend the length downstream of injection over which there is a substantial reduction in skin friction 4 . The release of heat from combustion further reduces the density within the boundary layer thereby decreasing Reynolds stresses. As a result skin friction on the test surface is further reduced.
The measured skin friction coefficients for flow condition 3 (see Figure 4c ) clearly illustrate the regions where film cooling and boundary layer combustion occur. The values of skin friction coefficient at the first skin friction measurement location (345 mm from injection) for both injection with combustion and injection without combustion are almost identical. Pressure levels for cases with combustion and without fuel injection are also similar at this location (see Figure 3c ). There is also good agreement at this point with numerical results for the case of injection without combustion. All of these points indicate that there is little, if any, combustion at this location and that the reduction in skin friction coefficient is a result of a film cooling effect alone. For this test condition, the measurements for the case of injection of hydrogen into a nitrogen test flow follow closely the corresponding numerical simulation along the test surface. The measured reduction in skin-friction coefficient at the second skin friction measurement location (545 mm from injection) in conjunction with pressure measurements in Figure 3c show that the hydrogen injected into the boundary layer for the air test flow burns. Once combustion starts experimental values show a reduction in skin friction coefficient of 75%, 69%, and 77% at the three remaining downstream measurement locations, respectively. While the numerical results indicate that the skin friction reduction due to combustion gradually diminishes from a maximum proportional reduction in c f of 77% at 120 mm from injection, the experimental values increase to a peak proportional reduction of 77% well downstream on the test surface. The disparity may be due to a greater level of hydrogen mixing in air, and combustion, caused by pressure variations visible in Figure 3c . The large decrease in skin friction coefficient at this condition can be attributed to favorable conditions for combustion due to the high mainstream temperature of the test flow. The higher mainstream temperature allows more heat to be transferred to the injected hydrogen, thereby decreasing the ignition length. The numerical simulations indicate that combustion starts almost immediately after injection for this condition as well as all other test conditions. The numerical curve for condition 3, plotted in Figure 3c , therefore reaches a peak in reduction in c f 400 mm upstream of the location where the first large experimental reduction was recorded.
The experimental data for flow condition 2 shows partial agreement with the corresponding computational results (see Figure 4b ). For injection into air (comb.) and injection into nitrogen (no-comb.) test flows, the measured levels of reduction of skin-friction coefficient are not as large as the computed levels. In particular, the reduction in c f for the case of injection into nitrogen shows a disparity approaching 20% between measured and computed levels. The large decrease in measured skin friction coefficient due to combustion in condition 2 can also be attributed to the relatively high mainstream temperature of the test flow. A peak proportional reduction in c f due to combustion of approximately 61% was recorded at this condition. However, the numerical simulations indicate that combustion starts approximately 400 mm further upstream than the location of combustion initiation inferred from the experimentally measured pressure distributions. The measured reductions in skin friction coefficient upstream of the point of combustion initiation can be attributed to the film cooling effect. This can be illustrated by the levels of reduction in skin friction coefficient recorded at the first two measurement locations. The values for the combustion case lie on the numerical curve for the film cooling case (plotted in Figure 4b ) to within experimental error. The large reduction in skin friction is not maintained at the measurement locations at 1245 mm and 1345 mm from the injection point. The pressure distribution in this region (see Figure 3b ) indicates that combustion is still occurring. The level of skin friction reduction was expected to gradually diminish further downstream of the injection location as the effects of the hydrogen in the boundary layer dissipated.
The experimental results show similar reductions in skin friction coefficient at the lowest enthalpy condition (flow condition 1) for injection of hydrogen into both air and nitrogen test flows. This finding was unexpected given the result that the hydrogen was apparently burning the for air case beyond about 500 mm from the injection location (see Figure 3a) , and the fact that the heat transfer coefficients were higher where the hydrogen was burning (see Figure 5a ). At this condition, the magnitude of skin friction coefficient reduction for the noncombustion case is higher that for the non-combustion cases for any of the other conditions. In fact the largest skin friction reduction of 55% was recorded at the most downstream measurement location (1245 mm from injection). For all test cases except the non-combustion case at condition 1, at least two shots were made and results were averaged. In general, repeatability was very good. However, for condition 1 there was only one shot for injection of hydrogen into a nitrogen test flow (shot 8286). The measured skin friction levels for this shot were relatively low but no repeat shot was made to confirm these levels. At condition 1 the reduction in skin friction coefficient with combustion is uneven (see Figure 4a ) although the pressure rise due to combustion is approximately constant beyond 445 mm from the injection location. A peak reduction of approximately 60% over levels measured with no fuel injection was obtained near the point of combustion initiation. The large skin friction reductions predicted by numerical simulations for this condition are not seen in experimental results. In fact the largest skin friction reduction for all test conditions (79%) was predicted by the numerical simulations for this low enthalpy condition, at which combustion would produce the highest heat release.
For the highest enthalpy tested, condition 4, the measured levels of reduction in c f at the first skin-friction measurement location (345 mm from injection) for both air and nitrogen test gases are similar. The amount of reduction in skin-friction coefficient then increases for the combustion case and decreases for the noncombustion case. The pressure measurements (see Fig. 3d ) indicate only a small change in pressure for the combustion case and, as discussed earlier, this is attributed to dissociation of the combustion product (water) at the high post-combustion temperatures. This will absorb heat and reduce the effectiveness of boundary layer combustion for reducing skin friction. A peak reduction in c f of 36% over levels measured with no injection was observed 1.3 m downstream of the point of injection. The numerical simulations for the combustion case at this test condition overestimate the level of reduction in skin friction coefficient immediately downstream of injection, which also could be an indication of dissociation effects.
Heat Transfer
In order to account for pressure variations within the duct, heat transfer and static pressure measurements were combined using Equation (4), to yield proportional reductions in Stanton number as a result of hydrogen injection without combustion, and injection with combustion. Numerical simulation results are plotted together with experimental data in Figure 5 , for hydrogen injection into air, and hydrogen injection into nitrogen.
Close to the injector for all but condition 1, the experimental results show a reduction in Stanton number when hydrogen was injected into a test flow of nitrogen (see results labeled "w/o comb" in Fig. 5 ). Further downstream, the levels approach those for no injection. For conditions 2 and 3, the levels of Stanton number for the cases where hydrogen was injected into an air test flow are similar to those for injection into nitrogen to within experimental uncertainty. However, for conditions 1 and 4, the Stanton number increased when hydrogen was injected into air. The high Stanton numbers for condition 1 may be a result of the higher heat release due to combustion at the low enthalpy. Dissociation and recombination of H 2 0 molecules may be responsible for these higher measured Stanton numbers for condition 4. As discussed earlier, the lack of a pressure increase along the duct for condition 4 can be explained by dissociation of water at the high post-combustion temperatures. If there is a subsequent recombination to water molecules at the relatively cool temperature of the gas near the wall, there would be heat release near the wall, increasing the Stanton numbers.
The experimental Stanton number distributions do not compare well with those from the computations. The magnitude of reduction in Stanton number is overestimated for both combustion and no-combustion cases. For all conditions, the results from the computations suggest that the levels of Stanton number reduction obtained when combustion occurs are larger than those obtained without combustion. This trend is not obtained in any of the experiments.
Conclusion
Shock tunnel experiments were conducted to establish the effects of boundary layer combustion of hydrogen on skin friction and heat transfer, through slot injection, over a range of stagnation enthalpies. Comparisons of pressure distribution along the test surface for cases where hydrogen was injected into air and nitrogen test flows indicate that combustion occurred at all flow conditions. The experiments show pressure variations along the duct due to combustion and compression and expansion waves within the duct. Therefore, the experimental data were presented in terms of local skin friction coefficients and Stanton numbers.
Static pressure distributions indicate a decrease in combustion initiation length as stagnation enthalpy of the mainstream flow increased, for a fixed equivalence ratio.
Increases in stagnation enthalpy, and hence mainstream temperature, also lead to greater skin friction reduction for a fixed equivalence ratio. A maximum reduction in skin friction coefficient of approximately 77% of the no injection values was recorded for the 7.6 MJ/kg flow condition, at a fuel equivalence ratio of 0.3. Skin friction coefficient reductions approaching 60% of the no injection values were also achieved for lower stagnation enthalpy flows. High reductions of skin friction coefficient were recorded as far as 1.3 m from injection for a number of flow conditions. Film cooling tended to be ineffective in significantly reducing skin friction at such distances from the injection point.
Measured Stanton numbers for the combustion cases were generally either unchanged or higher than those measured for no injection. Film cooling heat transfer values for all flow conditions were slightly lower or similar to the levels measured with no hydrogen injection.
Numerical modeling was also undertaken to compare with experimental results. The simulations indicated that boundary layer combustion causes a significant reduction in skin friction coefficient for most flow conditions. However, for all but condition 3, the computed levels of reduction in skin friction coefficient were larger than those measured. The simulations indicated that the reduction in Stanton number due to hydrogen injection was relatively unchanged by combustion but the levels of reduction in Stanton number calculated for the combustion and no-combustion cases were not observed experimentally.
The analysis indicates that reductions in skin friction drag are achievable over a range of stagnation enthalpies. The effects of factors such as mainstream Mach number, injection Mach number, and static pressure are still to be reported. Nevertheless, the experimental and numerical results presented reiterate that boundary layer combustion of hydrogen to reduce skin friction can be developed into an enabling technology, for the realization of viable SCramjet flight.
